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Endothelin (ET)-1 is the most potent vasoconstrictor peptide released by the endothelium and is recognized to play a key role in the regulation of vascular tone and the etiology of atherosclerotic vascular disease (32, 44) . Enhanced ET-1 system activity has been linked to the development and progression of a number of adiposity-related cardiovascular pathologies, including hypertension, type 2 diabetes, coronary artery disease, and chronic heart failure (7, 22, 30, 46, 48) . Mather and colleagues (30) have shown that ET-1 vasoconstrictor tone is elevated in obese adults with type 2 diabetes and metabolic syndrome. It is currently unknown if ET-1-mediated vasoconstrictor tone is elevated in overweight and obese adults independent of other cardiovascular risk factors.
Accordingly, the aims of the present study were to determine 1) whether endogenous ET-1 vasoconstrictor activity is elevated in overweight and obese adults, and, if so, 2) whether increased ET-1-mediated vasoconstriction contributes to the adiposity-related impairment in endothelium-dependent vasodilation in this population. To address these aims, we performed two complementary experiments. First, FBF responses to exogenous ET-1 and selective ET A receptor antagonism were determined in normal weight, overweight, and obese adults that were free of cardiometabolic risk factors. Second, in a separate group of normal weight, overweight, and obese adults, ACh-mediated endothelium-dependent vasodilation was assessed in the absence and presence of ET A receptor blockade. We hypothesized that ET-1 vasoconstrictor activity is greater in overweight and obese adults compared with normal weight adults and that the elevation in ET-1-mediated vasoconstriction contributes to impaired endothelium-dependent vasodilation in overweight and obese adults.
METHODS

Subjects
Seventy-nine middle-aged and older adults (age range: 43-66 yr) were studied: 34 normal weight [body mass index (BMI) Ͻ 25 kg/m 2 , 16 men and 18 women], 22 overweight (BMI Ն 25 and Ͻ 30 kg/m 2 , 10 men and 12 women), and 23 obese (BMI Ն 30 kg/m 2 , 17 men and 6 women). All subjects were sedentary and had not participated in a regular aerobic exercise program for at least 1 yr before the start of the study. Subjects were excluded from the study if they presented a history or evidence of hepatic, renal, or hematological disease; peripheral vascular disease; stroke; diabetes (fasting plasma glucose Ͼ 7.0 mmol/l) (3); dyslipoproteinemia (total cholesterol Ն 6.2 mmol/l, triglycerides Ն 3.5 mmol/l) (12); and hypertension (arterial blood pressure Ն 140/90 mmHg) (11) . All subjects were screened for clinical evidence of cardiovascular disease by medical history, physical examination, fasting blood chemistries, and electrocardiograms and blood pressure at rest and during incremental exercise performed to exhaustion. None of the subjects smoked or were taking medications, including vitamins. All of the women were at least 1 yr postmenopausal and had never taken or had discontinued use of hormone replacement therapy at least 1 yr before the start of the study. Before participation, all of the subjects had the research study and its potential risks and benefits explained fully before providing written informed consent. This study was approved by the Institutional Review Board of the University of Colorado (Boulder, CO).
Measurements
Body composition. Body mass was measured to the nearest 0.1 kg using a medical beam balance (Detecto, Webb City, MO). Percent body fat was determined by dual-energy X-ray absorptiometry (Lunar Radiation, Madison, WI). BMI was calculated as weight (in kg) divided by height (in m 2 ). Minimal waist circumference was measured according to published guidelines (28) .
Metabolic measurements. Fasting plasma lipid, lipoprotein, glucose, and insulin concentrations were determined using standard techniques as previously described (49) . Insulin resistance was estimated using homeostasis model assessment (HOMA-IR) according to the following equation: fasting insulin (in mU/ml) ϫ fasting glucose (in mmol/l)/22.5 (31) .
Intra-Arterial Infusion Experiments
All experiments were performed between 7:00 and 10:00 AM after a 12-h overnight fast in a temperature-controlled room. Under strict aseptic conditions, a 5-cm, 20-gauge catheter was inserted into the brachial artery of the nondominant arm under local anesthesia (1% lidocaine). Heart rate and arterial blood pressure were continuously measured throughout the infusion protocol. FBF was measured in both the experimental (nondominant) and contralateral (dominant) forearm using strain-gauge venous occlusion plethysmography (D. E. Hokanson, Bellevue, WA), as previously described by our laboratory (50 To rule out the possibility of nonspecific differences to vasoconstrictor agents with overweight and obesity, vascular responses to norepinephrine were determined. Norepinephrine was infused at a rate of 260 pmol/min for 5 min, and FBF was measured during the last 3 min. After a 30-min rest period to allow FBF to return to baseline levels, ET-1 (Clinalfa) was infused at a rate of 5 pmol/min for 20 min, and FBF was measured during the last 3 min. After FBF was allowed to return to baseline (ϳ30 min), BQ-123 (Clinalfa), a selective ET A receptor antagonist, was infused at a rate of 100 nmol/min for 60 min. FBF was measured every 10 min throughout the infusion period. The selected dose of BQ-123 has been shown to completely inhibit the vasoconstrictor effect of ET-1 in the human forearm of healthy adults (9, 50) . Ϫ1 · min Ϫ1 and sodium nitroprusside (SNP; Nitropress, Abbott Laboratories) at 1.0, 2.0, and 4.0 g · 100 ml tissue Ϫ1 · min Ϫ1 . Each dose of ACh and SNP was infused for ϳ5 min, and sufficient time (ϳ20 min) was allowed for FBF to return to resting levels between each vasoactive agent. To avoid an order effect, the sequence of drug administration was randomized. After the initial infusion of ACh and SNP, BQ-123 was infused in an identical manner to experiment 1. After 60 min, the infusion of BQ-123 was continued at the same dose, and FBF was reassessed during coadministration of ACh as performed earlier.
Statistical Analysis
Differences in subject baseline characteristics and the magnitude of change in FBF to norepinephrine and ET-1 were determined by between-groups ANOVA. Group differences in FBF responses to BQ-123, ACh, and SNP were determined by repeated-measures ANOVA. Relations between variables of interest were assessed by linear and stepwise regression analysis. There were no significant sex interactions; therefore, the data were pooled and presented together. All data are expressed as means Ϯ SE. Statistical significance was set a priori at P Ͻ 0.05.
RESULTS
Selected subject characteristics are shown in Table 1 . By design, body mass and body composition values were greater (P Ͻ 0.05) in the overweight and obese groups compared with the normal weight group. All subjects were normotensive, normolipidemic, and normoglycemic; overweight and obese subjects demonstrated higher (P Ͻ 0.05) resting systolic and diastolic blood pressure, plasma triglycerides, and insulin concentrations compared with normal weight subjects. FBF in the noninfused arm and mean arterial blood pressure remained constant throughout the infusion protocol and did not differ significantly between groups (data not shown).
Experiment 1: FBF Responses to Exogenous ET-1 and ET A Receptor Blockade
The vasoconstrictor response to norepinephrine was not significantly different among groups (data not shown). FBF was reduced by ϳ30% in all three groups. In contrast, the vasoconstrictor response to ET-1 was significantly lower (P ϭ 0.009) in overweight and obese adults compared with normal weight adults. Resting FBF was reduced by ϳ5% in overweight (from 4.1 Ϯ 0.3 to 3.9 Ϯ 0.3 ml·100 ml tissue Ϫ1 ·min Ϫ1 ) and obese (from 4.1 Ϯ 0.2 to 3.9 Ϯ 0.3 ) adults compared with ϳ15% in normal weight (from 3.6 Ϯ 0.2 to 2.9 Ϯ 0.2 ml·100 ml tissue Ϫ1 ·min Ϫ1 ) adults (Fig. 1) . The vasoconstrictor response to ET-1 was not significantly different between overweight and obese adults. In the overall study population, the magnitude of vasoconstriction in response to ET-1 was inversely related to the following (all P Ͻ 0.05): BMI (r ϭ Ϫ0.43, P ϭ 0.006), waist circumference (r ϭ Ϫ0.39, P ϭ 0.018), diastolic blood pressure (r ϭ Ϫ0.39, P ϭ 0.018), systolic blood pressure (r ϭ Ϫ0.38, P ϭ 0.019), serum triglyceride concentrations (r ϭ Ϫ0.35, P ϭ 0.035), and body mass (r ϭ Ϫ0.33, P ϭ 0.036).
Stepwise regression analysis revealed that BMI was the primary determinant of the FBF response to ET-1, accounting for ϳ20% of the variability.
FBF responses to selective ET A receptor blockade with BQ-123 were markedly different (P ϭ 0.041) between groups. In normal weight adults, resting FBF was not significantly altered by BQ-123, whereas a significant vasodilator response (ϳ20%) was observed in both the overweight and obese groups (Fig. 2) . Of note, FBF responses to BQ-123 were not significantly different between the overweight and obese groups. The peak FBF response to BQ-123 was significantly related to body mass (r ϭ 0.54, P ϭ 0.001), waist circumference (r ϭ 0.52, P ϭ 0.001), systolic blood pressure (r ϭ 0.51, P ϭ 0.001), BMI (r ϭ 0.50, P ϭ 0.001), diastolic blood pressure (r ϭ 0.49, P ϭ 0.004), and waist-to-hip ratio (r ϭ 0.39, P ϭ 0.017) in the study population. Stepwise regression analysis revealed that body mass (R 2 ϭ 0.29) was the primary determinant of the FBF response to BQ-123.
Experiment 2: Effect of ET A Receptor Blockade on Endothelium-Dependent Vasodilation
Since there were no significant differences in the FBF responses to BQ-123 and ET-1 between overweight and obese adults, these groups were combined and are presented as overweight/obese group. FBF responses to ACh were blunted (ϳ30%, P ϭ 0.031) in the overweight/obese (from 4.6 Ϯ 0.2 to 11.7 Ϯ 0.6 ml·100 ml tissue Ϫ1 ·min
Ϫ1
) group compared with the normal weight (from 4.5 Ϯ 0.2 to 15.2 Ϯ 0.9 ml·100 ml tissue Ϫ1 ·min Ϫ1 ) group (Fig. 3) . FBF responses to SNP were not significantly different between the groups (Fig. 3) . FBF responses to selective ET A receptor blockade with BQ-123 were similar to those observed in experiment 1. Indeed, resting FBF increased ϳ20% in response to BQ-123 in the overweight/obese group but was largely unchanged in the normal weight group (Fig. 4) . Coinfusion of BQ-123 with ACh did not significantly affect ACh-mediated vasodilation in normal weight subjects (Fig. 5) . However, FBF responses to ACh increased significantly (ϳ30%, P ϭ 0.001) in overweight/obese adults with BQ-123 (Fig. 5) . In fact, coinfusion of BQ-123 abolished the adiposity-related difference in ACh-mediated vasodilation between the groups. FBF responses to ACh in the presence of BQ-123 were not significantly different between normal weight (from 4.4 Ϯ 0.3 to 17.7 Ϯ 1.3 ml · 100 ml tissue Ϫ1 · min Ϫ1 ) and the overweight/obese (from 4.7 Ϯ 0.2 to 15.3 Ϯ 0.7 ml · 100 ml tissue Ϫ1 · min Ϫ1 ) adults.
DISCUSSION
The key findings of the present study are as follows: 1) overweight and obese adults demonstrated a blunted forearm vasoconstrictor response to exogenous ET-1 compared with normal weight adults, 2) selective ET A receptor blockade elicited a significant forearm vasodilator response in overweight and obese adults but not normal weight adults, and 3) selective ET A receptor blockade increased ACh-mediated endothelium-dependent vasodilation in overweight and obese adults to levels similar to that of normal weight adults. Collectively, these findings indicate that ET-1-mediated vasoconstrictor tone is elevated with overweight and obesity and contributes to the adiposity-related impairment in endothelium-dependent vasodilation.
Overweight and obesity are characterized by a marked impairment in endothelium-dependent vasodilation, which is thought to underlie the heightened risk of cardiovascular disease associated with increased adiposity (37, 49) . Previous studies (1, 36, 45, 49) have demonstrated a reduction in endothelium-dependent vasodilation (ϳ40%) in the peripheral and coronary circulation of overweight and obese adults that is not limited to muscarinic receptor agonists. The results of the present study significantly extend these findings by demonstrating that overweight and obesity, independent of traditional cardiovascular risk factors, are associated with elevated ET-1-mediated vasoconstriction. Indeed, overweight and obese adults demonstrated a greater vasodilator response to selective ET A receptor blockade than their normal weight counterparts, indicative of enhanced ET A receptor-mediated ET-1 vasoconstrictor tone. In line with augmented ET A receptor activation, the vasoconstrictor response to exogenous ET-1 was lower in overweight and obese adults, suggesting that ET-1 bioavailability is elevated with increased adiposity (15) . A functional consequence of the increase in ET-1 vasoconstrictor tone with overweight and obesity appears to be reduced endothelial vasodilator function. A seminal finding of the present study is that blockade of the ET A receptor restored ACh-mediated endothelium-dependent vasodilation in overweight and obese adults. Thus, ET-1-mediated vasoconstriction is a key component of adiposity-related vascular dysfunction and a viable target for therapeutic interventions aimed at improving vascular health and reducing risk in overweight and obese adults.
The mechanisms underlying increased ET-1 system activation with adiposity are unclear. Overweight and obesity are typically associated with hyperinsulinemia (13), and insulin has been shown to stimulate ET-1 production (14, 21) . In the present study, overweight and obese adults had significantly higher plasma insulin concentrations and HOMA-IR values (obese group only) compared with the normal weight group; however, neither plasma insulin concentrations nor HOMA-IR were associated with FBF responses to either exogenous ET-1 or BQ-123, arguing against an insulin-related effect. Our findings with respect to insulin concentrations are consistent with those of Lteif et al. (29) , who recently reported that hyperinsulinemia fails to augment ET-1 action in vivo. Other factors that may contribute to the adiposity-related elevation in ET-1 system activity include inflammation and oxidative stress. Overweight and obesity are conditions characterized by increased oxidative and inflammatory burden (16, 26) , and several oxidative and inflammatory mediators associated with adiposity (such as superoxide anion, C-reactive protein, and TNF-␣) can upregulate the synthesis and release of ET-1 from endothelial cells (19, 35, 39, 51) . It is also possible that elevations in the sympathetic nervous system or renin-angiotensin system activity are involved in the elevation of ET-1 vasoconstrictor tone with excess adiposity. Obesity is associated with activation of these systems (2), and both epinephrine and angiotensin II can stimulate ET-1 production (38, 40) . Future studies are needed to delineate the mechanisms underlying this aspect of adiposity-related vascular dysfunction.
The noted increase in endothelium-dependent vasodilation with ET A receptor blockade in the overweight/obese adults is intriguing. A logical explanation for this response is that blockade of the ET A receptor improved endothelium-dependent vasodilation by directly, or indirectly, increasing the bioavailability of NO. It has been shown that ET A -mediated ET-1 activity can reduce NO bioavailability directly via the inhibition of endothelial NO synthase or indirectly through the production of superoxide anion and subsequent inactivation of NO (6, 18, 23) . However, we (49) have previously demonstrated that the contribution of NO to ACh-mediated vasodilation is not diminished in overweight/obese adults compared normal weight adults, arguing against a NO-related mechanism. It is possible that blockade of the ET A receptor simply relieved the vasoconstricting influence of ET-1, allowing the vessel to dilate in response to ACh without opposition.
From a public health perspective, ET-1 vasoconstrictor tone is involved in the regulation of blood pressure and pathogenesis of human hypertension (40) . For example, systemic infusion of ET-1, or its precursor big ET-1, increases blood pressure and vascular resistance in humans (25, 41) , whereas blood pressure and vascular resistance decrease after the systemic blockade of ET-1 receptors (20, 42) . Moreover, chronic ET-1 receptor blockade results in a reduction in blood pressure in patients with clinical hypertension (27, 33) . Excess adiposity and weight gain are also associated with high blood pressure (10, 43) . Data from the Framingham Offspring Study indicated that ϳ70% of hypertension in men and women can be attributed to obesity (17) . A potential role for ET-1 in the pathogenesis of obesity-related hypertension has been suggested (5, 24) , supported by data showing an association between ET-1 gene polymorphisms and blood pressure levels in overweight and obese adults (4, 47) . Although none of the subjects in the present study were hypertensive, we observed a significant relation between blood pressure and FBF responses to exogenous ET-1 (r ϭ Ϫ0.39) and ET A receptor antagonism (r ϭ 0.50), supporting a putative role of ET-1 system activation in adiposity-related elevations in blood pressure. Conversely, blood pressure in the prehypertensive range, although not considered to be clinically abnormal, may be a factor in the group differences observed in the present study.
There are three experimental considerations regarding this study that should be mentioned. First, given our cross-sectional study design, we cannot discount the possibility that genetic and/or lifestyle behaviors may have influenced our results. To minimize the influence of lifestyle behaviors, we studied subjects who were nonsmokers, not currently taking any medication that could influence endothelial vasomotor function, and did not differ in habitual physical activity. In addition, in an effort to isolate the primary influence of adiposity, we studied overweight and obese adults, independent of traditional cardiovascular risk factors that often accompany increased adiposity and are associated with increased ET-1 system activity, such as hypertension (8) and type 2 diabetes (7, 30, 34) . Although enhanced ET-1-mediated vasoconstriction has previously been demonstrated in obese adults with these comorbidities (8, 30) , this is the first study, to our knowledge, to demonstrate elevated ET-1 vasoconstrictor tone in overweight/ obese adults without concomitant risk factors. It should be noted that Cardillo and colleagues (8) previously reported a modest, nonsignificant (ϳ5-10%) increase in FBF to BQ-123 in normotensive obese adults, a finding that appears to contradict those from the present study. The reason for this discrepancy is unclear, although several factors may be involved, such as differences in physical and metabolic characteristics or the racial makeup of the subject population included in each study. Our study population included primarily Caucasian adults, whereas almost 40% of the adults studied by Cardillo and colleagues (8) were African-American. Second, due to limited drug availability, we were unable to administer the selective ET B receptor antagonist BQ-788 and therefore cannot comment on the influence of overweight and obesity on the vascular actions of the ET B receptor. Finally, we did not measure circulating plasma levels of ET-1 in the present study. ET-1 produced by the endothelium is predominantly (Ͼ80%) released abluminally toward the vascular smooth muscle (52) ; consequently, the pathophysiological significance of circulating ET-1 levels is unclear, and values reported are often inconsistent and misleading (40) . Circulating plasma concentrations of the peptide do not necessarily reflect local vascular production but rather variable spillover into, and clearance from, the bloodstream (9). Intra-arterial infusion of exogenous ET-1 and ET-1 receptor antagonists offers a more direct biological assessment of ET-1 system activity in vivo (8, 9, 50) .
In conclusion, the results of the present study demonstrate that both overweight and obesity are associated with enhanced ET-1-mediated vasoconstrictor tone. In addition, elevated ET-1-mediated vasoconstrictor tone contributes to diminished endothelium-dependent vasodilation observed with overweight and obesity. Given the link between ET-1 system activity and blood pressure, adiposity-related elevations in ET-1-mediated vasoconstrictor tone may contribute to the increased risk of hypertension as well as atherosclerotic vascular disease in overweight and obese adults.
